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We investigate spin dynamics of resident holes in a p-modulation-doped GaAs/Al0.3Ga0.7As single
quantum well. Time-resolved Faraday and Kerr rotation, as well as resonant spin amplification, are
utilized in our study. We observe that nonresonant or high power optical pumping leads to a resident
hole spin polarization with opposite sign with respect to the optically oriented carriers, while low
power resonant optical pumping only leads to a resident hole spin polarization if a sufficient in-
plane magnetic field is applied. The competition between two different processes of spin orientation
strongly modifies the shape of resonant spin amplification traces. Calculations of the spin dynamics
in the electron–hole system are in good agreement with the experimental Kerr rotation and resonant
spin amplification traces and allow us to determine the hole spin polarization within the sample after
optical orientation, as well as to extract quantitative information about spin dephasing processes at
various stages of the evolution.
I. INTRODUCTION
The promising field of semiconductor spintronics1 has
stimulated a large number of studies of spin dynamics
and spin dephasing mechanisms in a vast variety of semi-
conductors and their heterostructures in recent years.
Especially the dynamics of conduction-band electrons in
compound semiconductors without inversion center, e.g.,
GaAs, have been studied by many groups (see, e.g., Ref. 2
for a recent review). By contrast, hole spin dynamics
in these systems have been investigated with less inten-
sity. This is, in part, due to the sub-picosecond hole
spin dephasing time (SDT) in bulk GaAs3,4, which arises
from the strong spin-orbit coupling within the p-like va-
lence bands. In p-doped quantum wells (QWs), an in-
crease of the hole SDT to a few picoseconds has been
observed experimentally by several groups5,6 and repro-
duced in microscopic calculations7. Significantly longer
hole SDT have been observed for optically oriented holes
in n-doped QWs8,9, and more recently in p-doped QW
systems in which localization of holes occurs at low tem-
peratures10–13, and also in quantum dots14. For localized
electrons in quantum dots, the contact hyperfine inter-
action leads to ensemble spin dephasing on the 10 ns
scale15. However, due to their p-like wave functions, this
dephasing process is suppressed for holes, and only the
weaker dipole-dipole interaction has to be taken into ac-
count16. Therefore, localized holes may be more suit-
able than electrons for the realization of future quan-
tum computing schemes. Additionally, the large orienta-
tional anisotropy of the hole g factor in GaAs-based het-
erostructures17 strongly influences hole spin dynamics in
tilted magnetic fields18 and may allow for spin manipu-
lation schemes based on electrical g factor control19,20.
Here, we present time-resolved studies of the combined
electron and hole spin dynamics in a p-modulation doped
quantum well under different excitation conditions. We
utilize time-resolved Kerr/Faraday rotation21, as well as
the related resonant spin amplification technique22, and
time-resolved photoluminescence. We identify two pro-
cesses in which spin polarization is transferred to the res-
ident holes after optical orientation, quantitatively model
the dynamics, and determine the contributions of these
processes depending on excitation conditions. By fitting
our theoretical model to the experimental results, we are
able to find the degree of spin polarization after the op-
tical excitation and to extract the hole spin dephasing
times, as well as the degree of coherence loss during ex-
citation at various conditions of optical pumping. We
determine transverse spin dephasing times T2 of almost
100 ns under weak, resonant excitation. Additionally,
we show that fast dephasing of the hole spin state during
and just after high-power or blue-detuned pumping leads
to polarization of the hole spins at zero magnetic field,
while at finite fields this process competes with the polar-
ization mechanism due to trion spin precession10,20. As
these two competing processes lead to opposite spin ori-
entation our findings show that the spin orientation can
be controlled by modifying the optical excitation condi-
tions.
The paper is organized as follows. First, in Sec. II, we
present the sample and the idea of the experiment. Next,
in Sec. III, the theoretical model is introduced. Sec. IV
contains the presentation and discussion of the experi-
mental results and their theoretical modeling. Finally,
Sec. V concludes the paper.
2II. SAMPLE STRUCTURE AND
EXPERIMENTAL METHODS
Our samples are single-side p-modulation-doped
GaAs/Al0.3Ga0.7As QWs (QW width 4 nm), contain-
ing a two-dimensional hole system (2DHS) with a hole
density p = 1.1 × 1011 cm−2 and mobility µ = 1.3 ×
104 cm2/Vs (measured at 1.3 K) from a single wafer
grown by molecular beam epitaxy. Some samples from
this wafer are thinned for measurements in transmis-
sion. For this, the samples are first glued onto a sap-
phire substrate with optically transparent glue, then the
semiconductor substrate is removed by grinding and se-
lective wet etching. The samples contain a short-period
GaAs/AlGaAs superlattice, which serves as an etch stop,
leaving only the MBE-grown layers. Earlier studies of
spin dynamics performed on similar systems10,20 indi-
cate that in structures of this kind the resident holes
are weakly trapped, most likely on QW width fluctua-
tions. This is confirmed by a rapid increase of hole spin
dephasing above a certain threshold temperature, associ-
ated with thermal release of the carriers from these bind-
ing centers and the onset of spin-orbit-related dephasing
characteristic of free carriers.
The resonant spin amplification (RSA) measurements
are performed in an optical cryostat with 3He insert,
allowing us to lower the sample temperatures below
400 mK and to apply magnetic fields of up to 11.5 Tesla.
Here, the samples are cooled by cold 3He gas. For some
of these measurements, thinned samples are used and the
experiment is performed in transmission (Faraday rota-
tion) to limit the amount of absorbed laser power. The
time-resolved Kerr rotation (TRKR) measurements are
performed in a Helium flow cryostat, in which the sam-
ples are mounted on the cold finger of the cryostat in
vacuum. A pulsed Ti-Sapphire laser system generating
pulses with a length of 600 fs and a spectral width of
3-4 meV is used for the optical measurements. The rep-
etition rate of the laser system is 80 MHz, correspond-
ing to a time delay of 12.5 ns between subsequent pulses.
The laser pulses are split into a circularly-polarized pump
beam and a linearly-polarized probe beam by a beam
splitter. A mechanical delay line is used to create a vari-
able time delay between pump and probe. Both beams
are focused to a diameter of about 80 µm on the sample
using an achromat.
In the TRKR and RSA experiments, the circularly-
polarized pump beam is generating electron-hole pairs
in the QW, with spins aligned parallel or antiparallel to
the beam direction, i.e., the QW normal, depending on
the helicity of the light. In the TRKR measurements,
the spin polarization created perpendicular to the sample
plane by the pump beam, is probed by the time-delayed
probe beam via the Kerr effect: the axis of linear polar-
ization of the probe beam is rotated by a small angle,
which is proportional to the out-of-plane component of
the spin polarization18,23. This small angle is detected
using an optical bridge. A lock-in scheme is used to in-
crease sensitivity. The RSA technique is based on the
interference of spin polarizations created in a sample by
subsequent pump pulses. It requires that the spin de-
phasing time is comparable to the time delay between
pump pulses. For certain magnetic fields applied in the
sample plane, the optically oriented spin polarization pre-
cesses by an integer multiple of 2pi in the time window
between subsequent pump pulses, so that constructive
interference occurs. This leads to pronounced maxima in
the Faraday or Kerr rotation angle measured for a fixed
time delay as a function of the applied magnetic field.
In our measurements, the time delay is chosen to probe
the spin polarization remaining within the sample 100 ps
before the arrival of a pump pulse.
Time-resolved photoluminescence (TRPL) measure-
ments are performed using a Hamamatsu streak cam-
era system synchronized to the pulsed Ti-Sapphire laser
system. For these measurements, the laser is detuned
to create electron-hole pairs at an energy about 30 meV
above the photoluminescence (PL) energy of the heavy-
hole exciton and trion lines. The PL from the sample is
collected using an achromat and dispersed in a spectrom-
eter before being detected by the streak camera.
For initial characterization of the samples, PL mea-
surements using continuous-wave excitation with a
532 nm laser are performed. A grating spectrometer with
a Peltier-cooled charge coupled device (CCD) detector is
used to collect the PL. Figure 1 shows a typical PL trace
measured at a sample temperature of 1.2 K. The PL from
the QW is a near-symmetrical single peak with a spec-
tral width of about 5 meV. No fine structure of this peak,
corresponding to, e.g., neutral or positively charged exci-
tons, is observed in PL measurements. In the same figure,
a typical spectrum of the Ti-Sapphire laser system can
be seen at higher energy. In the following, by “resonant
excitation” we will understand the situation where the
Ti-sapphire laser system is tuned to achieve maximum
Kerr signal. Since our sample is doped, the states corre-
sponding to the maximum of the PL emission are occu-
pied by resident holes, therefore, the absorption at this
energy is suppressed. Maximum Kerr signal is observed
for an energetic position of the laser at the high-energy
flank of the QW PL emission.
III. THEORETICAL MODEL
In order to interpret the experimental results we pro-
pose a minimal, generic model that is able to account
for all the features of the spin dynamics observed in
the experiment without specific assumptions on the de-
tailed mechanism of spin decoherence. In accordance
with the previous experimental findings10,20, we assume
that the optical response can be described in terms of
independent hole-trion systems, trapped in QW fluctu-
ations. The state of each such system is represented by
the density matrix ρ, restricted to the four relevant states
|↑〉, |↓〉, |T ↑〉, |T ↓〉, representing the two hole states and
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FIG. 1. (Color online) Photoluminescence (PL) trace of the
sample measured at 1.2 K and spectrum of the Ti-Sapphire
laser system used in the time-resolved experiments. The bro-
ken lines show Gaussian fits to the quantum well PL (dotted
line) and the laser spectrum (dashed line).
the two trion states with different spin orientations (with
respect to the system symmetry axis, normal to the sam-
ple plane). We neglect the influence of the weak probe
pulse on the spin dynamics and calculate the spin polar-
ization at the arrival of the probe, which is known18,23
to be translated by the probe into the Kerr or Faraday
signal.
The experiment is modeled by a sequence of three
steps:
First, the pump pulse transforms the initial state ρ0
into a new state ρ1, described up to the second order in
the pulse amplitude by
ρ1 = −
i
~
∫ ∞
−∞
dt [Hl(t), ρ0]
−
1
~2
∫ ∞
−∞
dt
∫ ∞
−∞
dt′ [Hl(t), [Hl(t
′), ρ0]] , (1)
where we use the fact that the pulse is very short com-
pared to the spin evolution time scales and assume,
for simplicity, that the excitation is coherent. Here,
Hl = (1/2)f(t)|↑〉〈T ↑|+h.c. is the carrier-laser coupling
Hamiltonian with a pulse envelope f(t) and σ+ circular
polarization is assumed for the laser pulse.
Second, we allow for a fast partial decoherence of the
hole spin which takes place on time scales much shorter
than the subsequent spin dynamics and is therefore mod-
eled as instantaneous. This leads to a system state ρ2
with
〈↓ |ρ2|↑〉 = 〈↓ |ρ1|↑〉e
−u/2−w
and
〈α|ρ2|α〉 =
1
2
〈↑ |ρ1|↑〉
(
1± e−u
)
+
1
2
〈↓ |ρ1|↓〉
(
1∓ e−u
)
,
where α =↑, ↓ and the upper (lower) sign is for α =↑(↓).
The factors e−u and e−w describe the effects of occupa-
tion relaxation and additional pure dephasing in the ref-
erence frame associated with the system symmetry axis
(coinciding with the axis of optical orientation), which is
the relevant one here in view of the fast character of the
process, as compared to the Larmor precession.
It should be noted that the combination of coherent ex-
citation and instantaneous dephasing does not necessar-
ily reflect the actual microscopic kinetics of the system.
In particular, for off-resonant excitation, hole spin flips
during relaxation to low-energy states are also possible.
While this process is clearly beyond our four-level model,
its essential effect is bringing the hole spin polarization
towards equilibrium and dephasing of the hole spin co-
herence. Both these effects are included in our model
in terms of the instantaneous relaxation and dephasing
factors e−u and e−w.
In the third stage, the system evolution (Larmor pre-
cession, recombination and spin decoherence) is mod-
eled in terms of the Markovian Master equation (in the
Schro¨dinger picture with respect to the spin dynamics
but in the rotating frame with respect to the interband
transition energy)
ρ˙ = −
i
~
[H0, ρ] + Lh[ρ] + Lt[ρ] + Lr[ρ], (2)
with the initial condition ρ(0) = ρ2. Here
H0 = −
1
2
µBBgˆhσh −
1
2
gtµBB · σt,
is the hole and trion spin Hamiltonian, where µB is the
Bohr magneton, gˆh is the hole Lande´ tensor, gt is the
Lande´ factor of the trion (i.e., essentially, of the elec-
tron), which we assume to be isotropic, and σh,σt are the
vectors of Pauli matrices corresponding to the hole and
trion spin, respectively (the hole is treated as a pseudo-
spin-1/2 system), in the basis of hole spin states |↑〉, |↓〉
and trion spin states |T ↑〉, |T ↓〉. This Hamiltonian ac-
counts for the spin pression with the Larmor frequencies
ωh = µB|gˆhB|/~ and ωt = µBgtB/~ for the hole and
trion, respectively.
The hole dissipator Lh is obtained within the stan-
dard weak-coupling approach24 from the hole spin-
environment Hamiltonian Hhe = σ · R
(h), where R(h)
are certain environment operators. We derive the evo-
lution equation for the hole spin in the Markov limit as
in Ref. 18 but without the secular approximation which
does not hold in the general case of possibly low or van-
ishing magnetic fields. As a result, we get the dissipator
(in the Schro¨dinger picture) in the form
Lh[ρ] = −pi
∑
lj
[
R
(h)
lj (ωj) (σlσjρ− σjρσl)
+R
(h)
lj (−ωl) (ρσlσj − σjρσl)
]
,
where l, j = ±, 0, ω0 = 0, ω+ = −ω− = ωh, and σ±,0 are
Pauli matrices in the reference frame associated with the
4x direction (the orientation of the field),
σ0 = σx, σ+ = σ
†
− =
−σz + iσy
2
.
The spectral densities for the hole reservoir are
R
(h)
lj (ω) =
1
2pi~2
∫
dteiωt〈R
(h)
l (t)R
(h)
j 〉, l, j = ±, 0,
where R
(h)
0 = R
(h)
x , R
(h)
+ = R
(h)†
− = −R
(h)
z − iR
(h)
y , and
R
(h)
l (t) denotes the operator in the interaction picture
with respect to the environment Hamiltonian. Consis-
tently with the assumed C4v symmetry of the system,
we set R
(h)
αβ (ω) = 0 for α, β = x, y, z, α 6= β and
Ryy(ω) = Rxx(ω). The trion spin dissipator Lt is ob-
tained in the same way with a set of trion-related spectral
densities R
(t)
αβ(ω). We assume that the reservoirs coupled
to electron (trion) and hole spins are uncorrelated.
The last term in Eq. (2) is the standard spontaneous
emission generator that accounts for the radiative recom-
bination of the trion (see Ref. 18) with the rate γR.
Eq. (2) can be rewritten in terms of the three compo-
nents of the hole spin polarization
Xh = 〈↑ |ρ|↓〉+ 〈↓ |ρ|↑〉, Yh = i(〈↑ |ρ|↓〉 − 〈↓|ρ|↑〉),
Σh = 〈↑ |ρ|↑〉 − 〈↓|ρ|↓〉
(and analogous for the trion). For the hole spin polariza-
tion, the equations of motion are
X˙h = − (κz + κx)Xh + (κ
′
x + κ
′
z)Nh, (3a)
Y˙h = ωhΣh − (κx0 + κz) Yh, (3b)
Σ˙h = −ωhYh − (κx + κx0)Σh + γRΣt, (3c)
where Nh is the hole population and
κα = 2pi
[
R(h)αα(ωh) +R
(h)
αα(−ωh)
]
, κα0 = 4piR
(h)
αα(0),
(4a)
κ′α = 2pi
[
R(h)αα(ωh)−R
(h)
αα(−ωh)
]
, (4b)
for α = x, z. In order to find an interpretation of the
dephasing rates appearing in Eqs. (3a)–(3c) we note that
at B = 0 one has ωh = 0, hence κα = κα0 and the de-
coherence time for the spin polarization along the struc-
ture axis is T
(0)
z = 1/(2κx0), while the decoherence time
for the in-plane components of the spin polarization is
T
(0)
xy = 1/(κz + κx0). On the other hand, in sufficiently
strong fields (for ωh ≫ κα, κα0), the longitudinal (with
respect to the field orientation) spin relaxation time is
T1 = 1/(κz + κx) and the transverse relaxation (dephas-
ing) time is T2 = 2/(κz + κx + 2κx0).
The equations of motion for the trion spin polarization
are
X˙t = − (µz + µx)Xt + (µ
′
x + µ
′
z)Nt − γRXt, (5a)
Y˙t = ωtΣt − (µx0 + µz)Yt − γRYt, (5b)
Σ˙t = −ωtYt − (µx + µx0) Σt − γRΣt, (5c)
where µα, µ
′
α, and µα0 are the trion decoherence rates de-
fined as in Eqs. (4a) and (4b), but with the trion-related
spectral densities R
(t)
αα(ω) taken at the trion Larmor fre-
quency ωt, and Nt is the trion occupation.
The optical response, that is, the rotation of the polar-
ization plane of the reflected or transmitted probe pulse,
is proportional to18,23
∆Σ = Σt − Σh.
As the time-resolved Kerr response is investigated for
experimental conditions of relatively high spin dephasing
and relaxation rates one can assume that the evolution
after each laser repetition is independent and starts from
the thermal equilibrium state. After the pump pulse, the
trion and hole spin polarizations are
Σt = −Σh = Σ
(0).
As a consequence of the initial dephasing, the hole spin
polarization is reduced to
Σ
(0)
h = −Σ
(0)e−u (6)
(we assume no fast dephasing of the trion spin polariza-
tion). Then, by solving Eq. (2) one gets the Kerr signal
at B = 0 in the form
∆Σ(Kerr) = ae−γtt − be−γht, (7)
where a = (1+η)Σ
(0)
t , b = Σ
(0)
h +ηΣ
(0)
t , η = γR/[γt−γh].
Here γh = κx + κx0 is the hole spin decoherence rate
and γt = µx + µx0 + γR is the trion spin decoherence
rate. Since we do not propose any specific microscopic
mechanism for the spin decoherence the rates γt, γh, and
γR are treated as independent parameters of the model.
For the RSA signal, the spin polarization surviving be-
tween subsequent laser repetitions is essential. In or-
der to find the resonantly amplified spin polarization
just before the pump pulse, we find the mapping of the
hole spin-related variables Xh, Yh,Σh corresponding to
the three-step state transformation described above, as-
suming that trion occupations and interband coherences
decay completely in the repetition interval. Moreover,
the RSA measurements are performed under conditions
of long spin dephasing time, hence we assume that the
hole spin dephasing rates are small compared to the trion
recombination rate. The RSA signal is then found as the
fixed point of this three-step transformation to the lead-
ing (second) order in the pulse area, that is, in the weak
excitation limit. The resulting spin polarization just be-
fore the arrival of the pump pulse is proportional to
∆Σ(RSA) ∼ f
P
Q
, (8a)
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FIG. 2. (Color online) (a) TRKR traces measured at 15 K
with different laser excitation energies (symbols). The solid
lines represent fits to the data according to the theory (ex-
tended to t < 0 for better visibility). (b) Ratio of hole
and trion spin polarizations after rapid initial hole dephas-
ing, Σ
(0)
h /Σ
(0)
t = −e
−u, extracted from the measurements as
a function of laser detuning. (c) Hole spin dephasing time
(solid stars) and trion spin decoherence time (open symbols)
as a function of laser detuning.
where
f =1− e−u −
ω2t
γ2R + ω
2
t
, (8b)
P =(iω˜ + κ′)eiω˜tr/2 − iω˜e−u/2−w−κtr/2 − (ω˜ → −ω˜),
(8c)
Q =e−uP +
[
(iω˜ − κ′)e−u/2−w+iω˜tr/2 − iω˜eκtr/2
− (ω˜ → −ω˜)
]
. (8d)
Here, tr is the laser repetition period, κ = κx + κz +
2κx0, κ
′ = κz − κx, ω˜ = 2
√
ω2h − κ
′2/4, and (ω˜ → −ω˜)
represents additional terms, obtained from the preceding
ones by changing the sign of ω˜. It is found that the RSA
response in the weak excitation limit does not directly
depend on detuning. In order to simulate the response
from an inhomogeneous ensemble of hole spins, the result
obtained from Eqs. (8a)–(8d) was averaged according to a
Gaussian distribution of hole g-factors with the standard
deviation ∆g.
IV. RESULTS AND DISCUSSION
In this section we present the results of TRKR and
RSA measurements and interpret them, based on the the-
oretical model presented in the previous section. We first
discuss the Kerr measurements at zero magnetic field and
then the RSA results.
A. Kerr response at B = 0
First, we investigate the TRKR measurements at zero
magnetic field. Here, we performed two series of measure-
ments: as a function of the pump frequency detuning and
as a function of the pump pulse power.
In the frequency detuning series, performed at a fixed
sample temperature of 15 K, the excitation wavelength
was tuned from near-resonant excitation to higher laser
energy, which resulted in non-resonant excitation condi-
tions. Figure 2(a) shows three TRKR traces for resonant
excitation and two different values of laser energy detun-
ing (symbols). While the trace for resonant excitation
shows a near-monoexponential decay, the two traces mea-
sured using larger laser energies display a more complex
behavior, with a very rapid initial decay of the signal and
a zero crossing, followed by a slower decay of the nega-
tive signal. Additionally, we note that the Kerr signal
amplitude decreases as the laser energy is detuned from
the resonance, limiting the detuning range accessible in
the measurements to about 7 meV. This is due both to a
reduced absorption of the pump pulse and to the spectral
dependence of the Kerr rotation of the degenerate probe
pulse.
We interpret the traces as follows: under resonant ex-
citation conditions in the absence of a magnetic field,
both the optically oriented electrons and the optically
oriented holes retain their spin orientation during the
photocarrier lifetime. Electrons recombine with holes
that have a matching spin orientation according to the
selection rules, thereby removing the optically created
spin polarization from the sample during recombination.
Therefore, no hole spin polarization is transferred to the
resident holes. By contrast, under non-resonant excita-
tion conditions, a fraction of the hole spin polarization is
rapidly lost. This can result from hole spin flips during
energy relaxation of the optically created holes or from
the thermalization of the spin orientation of the resident
holes resulting from binding part of the oppositely ori-
ented holes with the optically created excitons into tri-
ons. On the other hand, the electrons seem to retain
their spin orientation. Upon recombination, these spin-
polarized electrons remove holes with matching spin po-
larization from the partly depolarized hole system, leav-
ing an excess of holes oriented opposite to the optically
created hole spin orientation (we will refer to this op-
posite orientation as negative). We note that both the
spin-polarized electrons and holes created by interband
absorption of circularly polarized light will lead to the
same Kerr rotation of a test beam, so that a priori, the
observed Kerr rotation does not allow us to identify the
type of spin-polarized carriers directly. The origin of the
Kerr signal can be determined by applying a magnetic
field perpendicular to the spin polarization and observ-
ing the spin precession, using the different g-factors of
electrons and holes. Naturally, in the case of a doped
sample like our 2DHS, investigating the Kerr rotation af-
ter photocarrier recombination, so that only the resident
6carriers remain, also gives unambiguous results.
The experimental traces are well-reproduced by Eq. (7)
(the fits are shown as solid lines in Fig. 2(a)) in the whole
time range except for the first few picoseconds after ex-
citation, in which the rapid initial dephasing of the holes
occurs, which is not modeled in a time-resolved manner in
the theory. From the least-squares fit parameters, we are
able to extract the ratio of the hole and electron (trion)
spin polarizations, Σ
(0)
h /Σ
(0)
t = −e
−u (see Eq. (6)) after
the initial dephasing, before photocarrier recombination
occurs. Fig. 2(b) shows the calculated results as a func-
tion of the laser energy detuning from resonance. We
see that, for resonant excitation, the ratio is close to −1,
indicating a hole spin polarization almost equal to and
oriented opposite to the electron spin polarization. As
the laser energy is increased, this ratio is reduced sig-
nificantly but does not reach zero, indicating that some
part of the optically oriented holes retain their spin ori-
entation during energy relaxation. For all values of the
detuning, we also extract the trion (electron) spin de-
coherence time τt = 1/γt, and the hole spin dephasing
time, τh = 1/γh, from the fits to experimental data using
Eq. (7). Their values, depicted in Fig. 2(c), remain nearly
constant throughout the investigated detuning range, in-
dicating that the photocarrier and hole spin dynamics
are not strongly influenced by the initial energy relax-
ation of non-resonantly excited carriers. It is also clear
that the electron (trion) spin life time remains close to the
photocarrier recombination time. Using TRPL, we mea-
sure a photocarrier recombination time of about 175 ps
at a temperature of 15 K, using nonresonant excitation
with larger detuning than during the TRKR measure-
ments. As the recombination time increases with detun-
ing25, this value only provides an upper bound for the
photocarrier lifetime under the excitation conditions in
the TRKR measurements. We may therefore conclude
that the electron spin coherence time is mostly limited
by the carrier lifetime for weak, nonresonant excitation.
Next, we discuss power-dependent TRKR measure-
ments. For this series, the pump power was increased,
relative to the values used in the previous series, by more
than two orders of magnitude. Figure 3(a) shows three
TRKR traces for different excitation powers. The laser
excitation energy was chosen to be near-resonant and
kept fixed throughout the series, the sample temperature
was 10 K. While for weak pumping, the TRKR traces
show almost no negative part, it becomes quite pro-
nounced for higher pump powers and the subsequent de-
cay of the negative signal becomes more rapid. As in the
previous measurement series, our theory closely fits the
experimental traces, except for the first few picoseconds,
in which the initial hole spin dephasing takes place. From
the extracted ratio of hole and electron spin polarization
we see that for weak, near-resonant pumping, the hole
spin polarization is significantly larger than for stronger
pumping (Figure 3(b)), most likely indicating the impor-
tance of spin non-conserving carrier-carrier scattering for
rapid hole spin decoherence. We also observe that the
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FIG. 3. (Color online) (a) TRKR traces measured at 10 K
with fixed, near-resonant laser excitation energy and various
pump powers (symbols). The solid lines represent fits to the
data according to the theory (extended to t < 0 for better
visibility). (b) Ratio of hole and trion spin polarizations after
rapid initial hole dephasing extracted from the measurements
as a function of excitation density. (c) Hole spin dephasing
time (solid stars) and trion spin decoherence time (open sym-
bols) as a function of excitation density.
long-time hole and trion spin dephasing times decrease
as the pump power is increased. This decrease is rather
weak (by about a factor of 2 over more than two orders of
magnitude of the pulse power) and may be due to sam-
ple heating by the pump beam. A rapid decrease of the
hole spin dephasing time with temperature has been ob-
served previously by several groups6,11,26. The decreas-
ing trion spin lifetime observed in the power-dependent
experiments is not limited by faster photocarrier recom-
bination, as we observe in TRPL under nonresonant ex-
citation conditions that the photocarrier recombination
time in our sample increases as the temperature is raised,
from 150 ps at 4 K to 400 ps at 40 K. Such an increase
is typically observed in the low temperature-regime for
intrinsic, as well as p- or n-doped QW structures20,27–29.
Therefore, the reduction of the trion spin lifetime must
be caused by spin-related decoherence processes. Most
likely, this is due to an increased effective k vector which
leads to larger spin-orbit fields and more rapid dephasing
via the Dyakonov-Perel mechanism30.
B. Resonant spin amplification
We now turn to the resonant spin amplification mea-
surements. All series of measurements were performed
at a nominal sample temperature of 1.2 K in Voigt ge-
ometry. In this temperature range, we previously ob-
served hole spin dephasing times above 70 ns11, which
exceed the laser repetition period and lead to well-defined
RSA signals. Figure 4 shows the two principally different
7-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
∆E= 5.4meV
∆E= 1.8meV
TR
FR
 
si
gn
a
l (a
rb
.
 
u
n
its
)
Magnetic field (T)
resonant
FIG. 4. (Color online) The measured RSA traces for resonant
and off-resonant excitation conditions at low excitation power,
for three different values of pump pulse detuning.
shapes of the RSA traces we observe in experiment: For
resonant excitation conditions (lower curve), in which the
optically oriented hole spin polarization is conserved dur-
ing the photocarrier lifetime, the RSA traces have a char-
acteristic, batwing-like shape, and the maximum at zero
magnetic field is absent. This peculiar shape arises from
the process in which the spin polarization of optically
oriented holes is turned into the resident hole spin polar-
ization after recombination10,11: At zero magnetic field,
the optically oriented hole spin polarization is removed
by photocarrier recombination, as described above. With
an applied in-plane magnetic field, however, the strongly
different g factors of electrons and holes lead to incom-
mensurate precession of the optically oriented spin polar-
izations, allowing the electrons to recombine with unpo-
larized, resident holes, so that some hole spin polarization
remains in the sample after photocarrier recombination.
This hole spin polarization is oriented in the same way as
the optically created holes (which we will refer to as the
positive orientation). If the hole precession frequency is
an integer multiple of the laser repetition rate this spin
polarization is resonantly magnified to yield pronounced,
equally spaced peaks in the RSA signal. Their magni-
tude grows as the magnetic field increases due to the
increased efficiency of the aforementioned initialization
process. The decay of the RSA peak height with further
increase of the magnetic field stems from hole ensemble
dephasing due to the g-factor inhomogeneity25.
For off-resonant excitation, when a substantial part
of the optically oriented hole spin polarization de-
phases before photocarrier recombination (as discussed
in Sec. IVA above), the RSA signal shape becomes more
complex, as the middle and upper traces in Fig, 4 show.
Here, we observe RSA peaks also at zero magnetic field,
and the amplitude of these peaks initially decreases at
low fields. For a certain field, we observe a change of
polarity of the RSA peaks, then the RSA peak ampli-
tude first increases, then decreases again. These obser-
vations can be understood in the following way: For zero
magnetic field, a fast partial re-equilibration of the hole
spin polarization leads to negative final polarization of
the resident holes due to removal of the optically aligned
holes by spin-conserving electrons upon recombination,
as discussed in Sec. IVA. As the hole spins are static
in the absence of precession at B = 0, the spin polar-
ization created in this way by subsequent pump pulses
constructively interferes, leading to the observed nega-
tive zero-field peak. At non-zero fields, this process com-
petes with the spin alignment due to the trion precession
discussed above, which effectively leads to randomization
of the trion spin orientation at the moment of recombi-
nation so that recombination with an oppositely oriented
hole becomes possible. As a result of this process, an ex-
cess population of optically oriented holes is left behind
after recombination, which results in a positive spin ori-
entation. Obviously, this mechanism is only effective at
non-zero magnetic fields and its role increases as the field
grows. This increasing compensation between these two
processes is manifested by reduced negative RSA peak
amplitudes at growing fields, visible in the upper trace in
Fig. 4. At a certain magnetic field, the precession-related
hole spin initialization process becomes dominant, lead-
ing to a positive spin orientation of the resident holes.
Hence, we observe the polarity change in the RSA peaks.
For even larger magnetic fields, reduced RSA peak height
is again observed due to the inhomogeneous ensemble de-
phasing.
The competition of the two orientation processes lead-
ing to opposite spin polarizations is reflected in our the-
ory by the factor f in Eq. (8a) which (apart from the in-
homogeneous dephasing) determines the envelope of the
RSA response. The hole spin relaxation which tends to
re-equilibrate the hole spin polarization after optical cre-
ation of extra holes with positive spin orientation (or,
equivalently, depletion of the negatively oriented holes
by binding them with the optically created excitons into
trions) is described by the first two terms in Eq. (8b).
Here, according to Eq. (6), e−u is the degree of the fast
spin polarization decay during or just after the excita-
tion. The trion precession, which leads to orientation in
the positive direction, is accounted for by the third term.
It is clear from the form of Eq. (8b) that a sign change
of f , corresponding to a change of the “polarity” of the
RSA response, is possible only for u > 0, that is, in the
presence of initial spin relaxation. Moreover, the position
of this transition is shifted to higher fields as u increases,
leading to a growing number of inverted RSA peaks in
the low field region.
The growing number of inverted peaks is clearly seen
in Fig. 4: For increasing laser detuning, first a single
negative RSA peak at zero field develops, then addi-
tional peaks of the same orientation are seen, so that
the magnetic field for which a crossover between the ini-
tialization mechanisms occurs is increased. This allows
us to conclude that the increasing detuning of the pump
pulse towards higher energies leads to increased initial
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FIG. 5. (Color online) (a) Experimental RSA traces (red
points) and best fits according to Eqs. (8a)–(8d) (blue lines)
for selected values of the detuning. (b)–(e) Parameter values
extracted from the fitting: The dephasing time (b), the fast
decoherence parameter and the ratio of hole and electron spin
polarization (c), the hole g-factor (d), and the standard de-
viation of the g-factor distribution in the ensemble (e). (the
lines are guide to the eye)
0 10 20 30
-1.0
-0.9
-0.8
 Excitation density (P/P0)
(c)
 
 
 
h/
t p
o
l. 
ra
tio
0
50
100
 
 
 
T 2
 
(ns
)
(b)
0.0 0.5 1.0 1.5
13.3 P0
4 P0
 
 
TR
FR
 
si
gn
a
l (a
rb
.
 
u
n
its
)
Magnetic field (T)
(a)
P0
FIG. 6. (Color online) (a) Experimental RSA traces (red
points) and best fits according to Eqs. (8a)–(8d) (blue lines)
for selected values of the excitation density. Parameter values
extracted from the fitting as a function of excitation density:
(b) Dephasing time T2. (c) Ratio of hole and trion spin po-
larization.
spin relaxation. This is in fact expected, as off-resonant
excitation supplies extra energy to the system leading to
additional relaxation processes that usually take place on
picosecond time scales and can lead to spin flips.
Our theory allows us to closely model the RSA signal
shape using Eq. (8a) integrated over the inhomogeneous
distribution of g-factors. In the theoretical modeling un-
derlying the fitting, we assume that the intrinsic dephas-
ing rates are constant in the relevant range of the mag-
netic field. This amounts to assuming that the spectral
densities of the reservoir coupled to the hole spins are
constant in the corresponding range of frequencies. This
is true in particular for an Ohmic reservoir in the high
temperature regime, which is the case here as ~ωh ≪ kBT
in the whole range of magnetic fields studied. Examples
of least squares fits obtained in this way for the positive-
field parts of some of the measured RSA traces are pre-
sented in Fig. 5(a). The modeling result (blue line) not
only reproduces all the features of the experimental RSA
traces (red points) but also yields values that are quan-
titatively close to the measurement results. This good
agreement allows us to extract the values of various phys-
ical characteristics of the hole spin system. In Fig. 5(b),
we show the value of the transverse spin dephasing time,
T2 = 2/κ. This intrinsic dephasing time increases for
decreasing detuning and saturates for low detunings at
about 100 ns. The intensities of the fast decoherence and
the ratio of hole and trion spin polarization are plotted
in Fig. 5(c). The ratio of hole and trion spin polarization
reaches -1 as the resonance is approached. This clearly
demonstrates that the rapid initial dephasing induced by
the off-resonant excitation at low temperatures leads only
to a small loss of the optical orientation which disappears
completely at resonance. On the contrary, the dephasing
factor w remains finite even at the resonance. This is due
to the fact that spin dephasing is induced by an optical
excitation due to selective coupling of the light field to
one of the spin states (according to the selection rules)31.
From our fitting we conclude that the g-factor tends to
increase slightly with growing detuning (Fig. 5(d)). The
same holds true for the standard deviation of the ensem-
ble g-factor distribution (Fig. 5(e)). Both of these effects
may be explained by a reduced absorption of the pump
pulse as the detuning is increased, leading to a reduction
of the sample temperature, and a smaller spin-polarized
hole ensemble. A shift of the hole g factor to larger abso-
lute values with temperature reduction has already been
observed by Syperek et. al.10 A smaller ensemble of spin-
polarized holes is more susceptible to g factor inhomo-
geneity which arises from local fluctuations of, e.g., the
QW width or the disorder potential.
The theoretical curves turn out to be sensitive to all
the model parameters except for κ′. The latter affects
the shape of the curves only at very low magnetic fields
since, according to Eqs. (8c) and (8d), it can be neglected
when κ′ ≪ ωh which holds already in the vicinity of the
first peak. The values of κ′ obtained for non-zero detun-
ing range from 0.012 to 0.03 ns−1, which corresponds to
about 50% of the value of κ = 2/T2 (except for the largest
detuning, where κ′ is lower). This suggests that the spin
decoherence is dominated by the in-plane dephasing, de-
scribed by the rate κz, as opposed to the relaxation of
the projection on the structure normal (described by κx).
This is expected for heavy holes, as the relaxation of the
axial component would involve a spin transfer of 3~ and
therefore should be suppressed.
As can be seen in Fig. 6(a), similar effects in the RSA
traces are observed for increasing pump power at res-
onant excitation conditions: first, a zero-field peak ap-
9pears in the RSA traces, then additional peaks are ob-
served for higher pump powers. Again, our theory al-
lows us to precisely model the shape of the experimental
RSA traces and to extract the fast dephasing parameters
and the hole spin dephasing time. Here, we attribute the
growing fast dephasing, indicated by the reduction of the
ratio of hole and trion spin polarization (Fig. 6(c)), to the
considerably increased amount of energy pumped into
the system. This leads to an increased density of various
excitations and, in consequence, to stronger spin non-
conserving scattering, in the time window before pho-
tocarrier recombination takes place, as observed in the
TRKR measurements. An increase of the pump power
also influences the spin dephasing time, T2, of the resi-
dent hole spins, i.e., the spin dynamics after photocarrier
recombination, most likely due to sample heating, as can
be seen in the drastic reduction of T2 (Fig. 6(b)). This
interpretation is supported by the fact that the hole g fac-
tor slightly decreases with increasing pump power (not
shown), as expected for an increasing sample tempera-
ture.
V. CONCLUSION
We have performed a time-resolved study of hole spin
dynamics in a p-modulation doped quantum well under
different excitation conditions. In time-resolved Kerr ro-
tation measurements at zero magnetic field, we observed
the appearance of a hole spin polarization oriented op-
posite to the optically oriented holes for non-resonant
or high-intensity excitation conditions. In resonant spin
amplification measurements under non-resonant or high-
intensity excitation conditions, we observe a competition
between two different initialization processes for a res-
ident hole spin polarization, which leads to a complex
shape of the RSA traces and to the appearance of in-
verted spin polarization at low magnetic fields. Nega-
tive spin orientation was earlier observed in luminescence
from n-doped quantum dot systems under off-resonant
excitation32–34. Our Kerr rotation and RSA results show
that it is possible not only to optically polarize hole spins
in a p-doped system but also to control the sign of this
polarization by changing either the excitation conditions
or the magnetic field.
We developed a theoretical model which quantitatively
describes the time-resolved Kerr and RSA signals and al-
lows us to attribute the spin polarization at zero field to a
decoherence-assisted process in which the hole spin polar-
ization partly relaxes towards equilibrium within a very
short time after a high-power or off-resonant excitation.
The very good agreement obtained between the measure-
ment data and the model results allows us to extract the
parameters relevant to the hole spin dynamics, includ-
ing the ratio of hole and electron spin polarizations af-
ter optical orientation, the intrinsic (homogeneous) spin
coherence time T2, and the g-factor distribution in the
ensemble.
Remarkably, rapid initial hole spin dephasing on the
few-picosecond timescale and long hole spin dephasing
times reaching a hundred nanoseconds coexist under off-
resonant excitation conditions in low magnetic fields at
low temperatures. Thus, our findings open the way to
optical spin orientation under conditions that assure a
long lifetime of the oriented hole spins.
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